In this paper we investigate the price discovery process in single-name credit spreads obtained from bond, credit default swap (CDS), equity and equity option prices. We analyse short term price discovery by modelling daily changes in credit spreads in the four markets with a vector autoregressive model (VAR). We also look at price discovery in the long run with a vector error correction model (VECM). We find that in the short term the option market clearly leads the other markets in the sub-prime crisis (2007)(2008)(2009). During the less severe sovereign debt crisis (2009)(2010)(2011)(2012) and the pre-crisis period, options are still important but CDSs become more prominent. In the long run, deviations from the equilibrium relationship with the option market still lead to adjustments in the credit spreads observed or implied from other markets. However, options no longer dominate price discovery in any of the periods considered. Our findings have implications for traders, credit risk managers and financial regulators.
Introduction
An extensive literature shows the impact of credit risk on bond prices (early contributions in this area are Fisher, 1959 , Johnson, 1967 , Merton, 1974 and Sarig and Warga, 1989 , among others) and recent research has started to single out and analyse a credit risk factor in stock prices (Dichev, 1998 , Vassalou and Xing, 2004 , Chava and Purnanandam, 2010 . The important role of credit risk in securities prices has also led bank regulators to introduce new capital requirements that reflect the potential for credit risk related losses in traded instruments. 1 In the light of recent events, it is important for financial economists, traders and regulators to identify the markets that incorporate credit risk related information most quickly and lead other markets in the price discovery process.
Such information may give an early warning on imminent and possible large shocks in asset prices.
2
In addition, an understanding of the transmission mechanism of credit risk information across markets and its evolution over time may shed light on the relative efficiency of the markets and on the way their role changes in different market conditions. In this paper we investigate the discovery of the price of credit risk in the bond, CDS, stock and option markets over the period 2006-2012. The credit risk associated with a company may be measured in the credit market, via the credit spread of bonds issued by that company and via the price of CDSs written on those bonds. Indirectly, credit risk can also be quantified through implied credit spreads. Based on Merton (1974) , Kealhofer (2003a and b) and Vassalou and Xing (2004) show how information on credit risk can be extracted from equity prices. Hull et al. (2005) , Stamicar and Finger (2006) and Cao et al. (2011) , on the other hand, show how to use the price of options written on a firm's stock to obtain implied credit spreads.
Several papers look at price discovery in the bond and CDS markets (e.g. Blanco et al., 2005 and Zhu, 2006) and bond, CDS and stock markets (Longstaff et al., 2003 , Norden and Weber, 2009 and Forte and Peña, 2009 ). However, the role of the option market in the price discovery of credit risk has attracted less attention. Recent research has found that the implied volatility of options written on stocks or stock futures can help explain credit spreads (Collin-Dufresne et al., 2001 , Cremers et al., 2008 , Berndt and Ostrovnaya, 2008 , Cao et al., 2010 and Alexander and Kaeck, 2008 . This is not surprising as banks and hedge funds routinely implement arbitrage trading strategies that are based on the discrepancies between the credit spreads implied from equity options and the spreads of bonds and 1 In order to cope with increased migration risk, default clustering and loss of liquidity in crisis periods (which may negatively affect corporate bond prices as well as equity prices, among other securities), bank regulators have introduced an additional capital requirement for trading securities, namely the Incremental Risk Charge (IRC), which is based on a 1-year risk horizon and a 99.9% confidence level for Value-at-Risk estimations, similarly to the capital requirements on non-trading bank loans (Basel Committee on Banking Supervision, 2009) 2 For example, Hamalainen et al. (2012) show how the market prices of credit default swaps (CDS), subordinated debt and equities and the implied volatility from option prices were useful early warning indicators of the financial problems at Northern Rock, which was eventually bailed out in September 2007. M A N U S C R I P T
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3 CDS contracts for individual firms as shown in JPMorgan (2006) and Kapadia and Pu (2012) . 3 In particular, Kapadia and Pu (2012) find that equity and credit markets co-move and are fairly integrated over the long run. This suggests that, from the point of view of our analysis, they are both expected to have a significant role in the price discovery of credit risk. However, they also show that, in the short run, pricing discrepancies between equity and credit markets may persist because of constraints to arbitrage (such as liquidity and idiosyncratic risk). The implication is that an analysis of price discovery in the short run and long run may lead to different results.
Based on previous findings, we expect CDS, bond, equity and option spreads to contribute to the price discovery of credit risk, and their informative role to be dependent on various factors related to the trading conditions that characterize each market. To the extent that information is incorporated into securities' prices through trading activity, a strong link should exist between price discovery and trading-related variables such as trading volumes, bid-ask spreads and volatility. We would expect this pattern to differ in the pre-crisis and crisis periods, due to the effect the crisis had on the previously mentioned trading-specific variables. Chakravarty et al. (2004) investigate the price discovery in stock and option prices and find that price discovery is associated with high trading volume and narrow bid-ask spreads. Given our lack of data on trading volumes and transaction prices for all securities under analysis, we are unable to investigate the changing nature of trading activity in each market (which determines the changing patterns of price discovery documented in our work).
We then limit our study to an investigation of the important empirical question of which market most timely incorporates credit-related information.
We add to the existing literature by (1) analysing, for the first time, all the markets that may contribute to the price discovery of credit risk, namely the bond, CDS, equity and option markets; (2) performing our analysis over an extended sample period including the 2007-2009 sub-prime crisis and the 2009-2012 sovereign debt crisis, which allows us to investigate changes in price discovery under different market conditions. We find that when we employ a vector autoregressive model (VAR) on daily credit spread changes to look at the price discovery in the short term, the option market clearly leads the others in the sub-prime crisis, that is the period of highest uncertainty in our sample (see Figure 1 ). However, during the less severe sovereign debt crisis (2009) (2010) (2011) (2012) and the pre-crisis period, though options are still important, CDSs become the most prominent market. Interestingly, when we use a vector error correction specification (VECM) and consider how credit spreads adjusts to deviations from long run equilibrium relationships, options still influence other markets but no longer have a prominent role regardless of market conditions. We conclude that during periods of pronounced market dislocation, credit spreads react to shocks first registered in the option market but also to deviations from long term trends that are better captured in the other markets. Specifically, the M A N U S C R I P T
4 CDS and equity markets lead the long run price discovery of credit spreads during both the pre-crisis period and the sovereign crisis period. However, the bond market becomes more influential in the sub-prime crisis and especially for the European sample of firms, where it appears to be the leading market. In our US sample, the CDS market leads long run price discovery during the sub-prime crisis.
Our findings should be of interest to various market participants. Policymakers, concerned about the stability of the whole financial system, should benefit from a better understanding of how equities, bonds, options and credit derivatives are interlinked during periods of high and low volatility. Also, understanding which market contributes the most to price discovery becomes crucial to provide timely responses to systemic crises. Hedgers and arbitrageurs are also clearly interested in receiving the earliest possible signals of credit risk reversals.
The remainder of the paper is organised as follows: Section 2 reviews the related literature on credit risk price discovery. Sections 3 and 4 describe the data and our methodology. In Section 5 and 6 we discuss the main results and robustness tests. Section 7 concludes.
Literature review
The literature on price discovery in credit spreads is relatively recent. Zhu (2006) analyses CDS and bond spreads and finds that CDSs lead price discovery in the US market. Another study on the relationship between the bond and CDS markets in Europe and the US is that of Blanco et al. (2005) , concluding that the CDS market is responsible, on average, for about 80 percent of price discovery over their sample period. Das et al. (2012) show that the introduction of CDS trading undermines the efficiency and liquidity of the underlying corporate bond market. Bai and Collin-Dufresne (2011) find that price discovery in the CDS market decreased during the financial crisis of 2008 in favour of the bond market for a sample of US companies. Acharya and Johnson (2007) and Hilscher et al. (2013) study the information flow between CDS and equity markets for US individual obligors. The former find evidence of insider trading in the CDS market during the 2001-2004 period, arguing that this could be a reason for the leading price discovery role of the CDS market against the equity market.
However, this informational advantage is found only in the presence of negative credit news.
HERE
On the other hand, the latter study finds that equity returns predict CDS returns for a larger sample of firms over the period 2001 -2007 . Elkamhi et al. (2012 investigate how quickly earning announcements, changes in analyst recommendation and management guidance are incorporated into CDS spreads. Using logistic regressions, they find strong evidence that accounting information is
priced into CDS spreads on the day of the announcement, which suggests that the CDS market is characterized by an efficient price discovery process. Longstaff et al. (2003) are the first to jointly analyse the lead-lag relations between bonds, CDSs as well as stocks. They find that the CDS and equity markets lead the bond market most of the time.
However, based on a study using a VAR, Norden and Weber (2009) find that the stock market is more likely to lead the other two markets and the CDS market appears to lead the bond market. The leading role of the CDS market on the bond market is also confirmed by the same authors with a bivariate VECM specification. The first study to analyse the three markets (CDS, bonds and equities) in a VECM framework is that of Forte and Peña (2009) . They perform a price discovery analysis that is intuitively more appealing than in previous contributions as they compare homogeneous measures of credit risk in terms of observed or implied credit spreads obtained from the three markets. Their main finding is consistent with Norden and Weber (2009) in the sense that the stock market leads the price discovery process, followed by the CDS market.
Early insights into the relevance of the option market (using option implied volatilities as determining Another interesting study on the significance of the option market is that of Alexander and Kaeck (2008) , who use Markov switching regressions to explain changes in European CDS indices in different regimes. Their main conclusion is that option-implied volatilities represent the main determinant of changes in CDS spreads in a volatile regime, whereas in stable conditions equity market returns have a predominant role.
Lastly, Berndt and Ostrovnaya (2008) study how negative news is built into option prices, CDS spreads and stock prices. Following Acharya and Johnson (2007) they use predictive regression coefficients to the information flow across markets. They conclude that the flow of information in the CDS and option market works both ways. But, prior to some adverse market news, such as accounting scandals, the option market carries superior information. Using a similar methodology, Cao et al.
(2010) find that option implied volatility innovations are more capable to predict future CDS spread changes than the other way around. However, both Berndt and Ostrovnaya (2008) and Cao et al.
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(2010) do not convert the information from different markets into common and comparable credit risk measures, that is, credit spreads. Hence, they don't take into account the long run equilibrium relationship that may exist among the spreads implied from the different markets. Furthermore, they do not consider the bond market which may be an important source of information in the price discovery process.
Data
In our analysis we use daily observations of CDS mid-quotes, bond yields, equity prices and option Zhu (2006) . 6 This finding is particularly important to identify the true role of CDS in the price discovery analysis of credit spreads.
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7 provides CDS quotes obtained from Thomson Reuters. 7 We restrict our analysis to senior unsecured
CDSs with 5 year maturity as they are the most liquid. For each of the companies, we use Bloomberg to find pairs of bonds which (1) are denominated in US dollars for US firms and Euros for European firms, (2) are senior unsecured, (3) have "generic" Bloomberg mid-market prices, that is, average quotes from at least five brokers or dealers; (4) are not floating-rate and do not have embedded options or any special features; (5) one bond has a maturity below 5 years while the other has a maturity above 5 years. 8 We then construct synthetic 5-year credit spreads for each company by taking the difference between the synthetic 5-year yield (obtained by linear interpolation of the pair of bonds) and the corresponding risk free rate (downloaded from Bloomberg). In particular, we use the 5-year swap rates for US dollars and Euros which are regarded as the best proxy for the risk free rate (see Hull et al., 2005 and Houweling and Vorst, 2005) .
B. Equity and Option Data
We employ the CreditGrades structural model to estimate the 5-year equity implied spreads. The , we resort to a 40-day moving average to improve the volatility's responsiveness to changing market conditions. This is consistent with the shorter time 7 Datastream reports Thomson Reuters CDS historical data from 2007. 8 For most of the companies, we calculate 5-year spreads via linear interpolation. However, for some of them and for only a small part of the sample period, we could not find enough bonds with maturity above 5 years so we had to resort to linear extrapolation. 9 Bharath and Shumway (2008) and Vassalou and Xing (2004) use a 250-day rolling window to estimate the equity returns' volatility in their implementation of the Merton model.
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8 span (2 months) used to obtain option implied volatilities for the estimation of option implied spreads, which is discussed next.
In order to estimate the 5-year option implied spreads, we use an extended version of the CreditGrades model as described in Stamicar and Finger (2006) . To implement the model we only need daily implied volatilities for 2-month equity at-the-money put options which we obtain from Bloomberg.
Matching the four series of spreads for each company leaves us with a final sample of 30 firms, 11 of which are based in the US, while the remaining 19 are European. The large downsizing in the number of firms available for our study (from 300 to 30) is mostly due to lack of bond data.
In the analysis that follows we split our sample into a pre-crisis sub-sample which starts in January Descriptive statistics of the four series of credit spreads are shown in Table 1 . We report the 10%, 50%, 90% quantiles, the number of observations and the standard deviation of credit spread levels.
We also report these statistics by region (US and Europe) and sample periods. The most evident difference across median values is the large discrepancy between bond and CDS spreads on one side and equity and option implied spreads on the other. This is further confirmation of the well-known "credit spread puzzle" that has been widely documented in the literature (see, for example, Jones et al., 1984 , Eom et al., 2004 , Huang and Huang, 2012 , Ericsson et al., 2005 , Collin-Dufresne et al., 2001 and Kapadia and Pu, 2012 and highlights how structural credit risk models based on the work of Merton (1974) (like the ones used to generate equity and option implied spreads) tend to produce spreads far below those observed in the bond market. Although the structural models behind equity and option implied spreads may not fully explain the level of credit spreads observed in the bond and CDS markets, it is not unreasonable to expect that they may provide market participants with useful price discovery signals as shown by previous studies (see, for instance, Forte and Peña, 2009).
Table 1 also reveals that the 90% quantiles of equity and option implied spreads are larger than the corresponding ones for bonds and CDSs. Upon close inspection, we notice that the larger high quantile spreads of equity and option markets occur only during the sub-prime crisis. This may be due to the short rolling window (of 40 days) used for the estimation of the equity implied spreads. The short window enables us to obtain spreads that react promptly to changing market conditions. As a
result, low equity implied spreads are produced in the period preceding the crisis 10 and remarkably high spreads in the crisis period due to the occurrence of large negative shocks to the equity prices.
The same applies to option implied spreads as they have been estimated with short maturity (2-month) equity put options. Figure 1 shows daily cross sectional median spreads obtained from the four markets. We can clearly see how the sub-prime crisis period is characterised by the highest volatility in the four markets.
In order to get a first grasp of the interactions across the four markets, Table 2 Furthermore, we perform a unit root test on the time series of credit spreads. We apply three different tests to check whether the credit spread series are non-stationary. In particular, we use the Augmented Dickey-Fuller (ADF) test, the Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test and the PhillipsPerron test. We find, in line with previous literature, that the hypothesis of non-stationarity for the levels of credit spreads is rejected only in very few cases at the 5% level of significance. Hence, our subsequent analysis is based on first-differenced series of spreads, which are no longer non-stationary.
Methodology
To determine which market is the "first to move", i.e. which market anticipates the credit spread changes observed in or implied from the other markets, we first employ a VAR model. This allows us to analyse the short-run dynamics of the price discovery process. Next, as credit spreads from the four markets should be linked in the long term as they represent prices of credit risk for the same firm, we also employ a VECM specification. Following an approach similar to Norden and Weber (2009), we perform an aggregate analysis to find out whether some markets, on average, lead the price discovery process of credit spreads. Then, in order to separate time series effects from the cross sectional effects, and hence allow the regression coefficients to change across firms, we also run the models on a firmby-firm basis.
The first step of our analysis is to apply a VAR model to describe changes in credit spreads for the four markets as given below:
10 This means that large negative shocks are absent in the pre-crisis sub-sample and keep implied spreads from increasing. 
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where ε 1t , ε 2t , ε 3t , ε 4t are i.i.d. error terms. The i CE terms are cointegration equations defined as:
We define the three cointegration equations as in (9) to (11) where long run relationship are measured in relation to the option market because we are particularly interested in analysing the role of the option market (against the other markets) in the price discovery of credit risk, which has been the focus on recent research (e.g. Alexander and Kaeck, 2008 , Berndt and Ostrovnaya, 2008 , and Cao et al. 2010 . In order to quantify the share of the price discovery attributable to each market, we follow
Norden and Weber (2009) and rely on the measure of price discovery introduced by Gonzalo and Granger (1995) .
The general representation in equations (5) to (11) only applies to the companies for which the maximum number of cointegrating equations (three) is found. To determine the contribution to price discovery of the various markets, one can focus on the statistical significance and sign of the error correction coefficients λ's. For instance, if the option market leads the discovery of the price of credit risk, the λ ij 's in equations (5) to (7), will be negative and statistically significant as all the other three markets will adjust when they deviate from the option market. On the other hand, if the option market is the least important in the price discovery process then all the λ's in equation (8) will be positive and statistically significant as the option market adjusts when it deviates from the other markets. If all λ ij 's in equations (5) to (7) and all the λ's in equation (8) are significant and with the signs indicated above, then price discovery takes place, to some degree, in all markets. This above is summarised in Table 3 .
Results
Price discovery: the short-run dynamics
We use a VAR model, as defined in equations (1) to (4), to investigate the short-run dynamics of credit spreads price discovery in terms of lead-lags relationships. Each variable in the system is treated as endogenous and lead-lags effects can be captured by examining the significance of the coefficients of each explanatory variable. Firstly, we estimate the VAR model in a fixed effect panel framework in order to verify whether on aggregate it is possible to identify any leading market. The selection of the number of lags for each variable is based on the Schwartz criterion. Results are shown in Table 4 . From the panel regression it is difficult to detect general patterns, with few exceptions. We can see that lagged CDS spread changes systematically lead spread changes in the bond market in all A C C E P T E D M A N U S C R I P T
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12 periods and that bond and equity spread changes are the only ones to be consistently autocorrelated in all periods.
A more insightful analysis can be performed when we separate the cross sectional from the time series effects in the panel. We do so by estimating a VAR model for each firm in our sample and by running
Granger causality tests to determine the leading behaviour of the markets under consideration. Results are presented in Table 5 , where we show the number of cases for which the lagged coefficients of individual markets are jointly different from zero. The last column shows the total number of instances in which a market Granger causes the one of the other markets. We can see that in 46 instances the option market leads another market during the sub-prime crisis, followed by the equity and bond market (with 33 and 32 firms, respectively). The dominance of the option market appears to be driven by its strong influence on the equity market. Options exhibit a strong short term leading behaviour also in the pre-crisis period and the sovereign debt crisis where, however, it ranks second after the CDS market in both instances. The overall picture from Table 5 is that the degree of interdependence among markets, as measured by lead-lag relationships at the firm level, increases substantially in times of high uncertainty. The number of occasions in which a market Granger causes another grows from 60 in the pre-crisis period to more than double that amount (137) in the sub-prime crisis and by 80% (108) in the sovereign debt crisis.
Price discovery: the long-run dynamics
In this section we analyse how credit spreads react to deviations from the long-run equilibrium relationship among credit spreads obtained from the four markets. One way to do so when credit spreads are non-stationary is to introduce an error correction term in the VAR model and estimate a standard VECM. The results of the Johansen cointegration test for each of the 30 companies in our sample shows that the maximum number of cointegrating relationships (that is three) is found for 20 firms (out of 30). 11 We then focus our attention on these 20 companies to study the long run price discovery for the four markets. 12 Specifically, we analyse the coefficients on the error correction terms introduced in equations (5) 
to (8).
Similarly to the previous VAR analysis, we first report aggregate results for a VECM estimated as a panel, which includes all companies in our restricted sample of 20 firms. Coefficient estimates and corresponding p-values are shown in Table 6 . The interpretation of the error correction coefficients to make inference on long run price discovery is summarised in Table 3 . From Table 6 we observe that in the pre-crisis period (Panel A) option spreads adjust to both CDS spreads and equity implied spreads as λ 41 and λ 43 are both highly significant. We also find that options lead bonds as λ 42 is insignificant, whereas λ 22 is highly significant. During the sub-prime crisis (Panel B), the option 11 Results of the Johansen test are available on request.
12 Note that of these 20 firms, 10 are based in Europe, whilst the remaining 10 are US-based.
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13 market leads the equity market while option and bonds contribute to the long run price discovery of each other. We do not find evidence of option implied credit spreads and CDS spreads reacting to temporary divergences between the two markets. In the sovereign crisis (Panel C), options lead both CDS and bond markets as λ 11 and λ 22 are significant. The main conclusion to draw from the VECM analysis seems to be that is that the option market has an important role in influencing price formation in other markets in periods of stress.
However, the above analysis gives only a partial picture of market interactions because (i) as mentioned before, time series and cross-sectional effects are co-mingled and (ii) long run price discovery is analysed from the point of view of the option market. To address (i) we run a VECM at the firm level. Results are shown in Table 7 Panel A. Median lambdas across firms again support our previous conclusions with the option market having a dominant role: in the sub-prime crisis relative to all other markets, and in the sovereign crisis with respect to CDS and bonds. We then tackle (ii) by estimating a Gonzalo-Granger (GG) measure of long run price discovery by taking into account the leading behaviour of each market in relation to every other market (not only the option market). GG measures are reported in Table 7 Panel B. Here the conclusions are rather different and surprising.
Price discovery in the sub-prime crisis is led by bonds and CDSs whereas in the sovereign crisis and the pre-crisis period the leaders are CDSs and equities. A combined interpretation of Panel A and B leads us to conclude that although options may lead credit risk assessments in other markets in periods of high uncertainty, the information contained in them is not the only signal that affects credit spread changes in other markets when we look at long run dynamics. Results on the GG measure reveal that deviations from the long run relationship with option implied spreads, although accounted for and often significant, are not the most important contributing factor to credit risk price formation. This is in sharp contrast to our VAR results on short run price discovery and add a different dimension to our VECM results.
Comments
One of the findings of our analysis refers to the increasing role of the bond market in the price discovery, both short term and long term, during the sub-prime crisis. This may be related to the liquidity problems faced by market participants during the recent financial crisis, as they were forced to deleverage their corporate bond positions to re-pay their short term exposures, as discussed in Bai and Collin-Dufresne (2011).
The dramatic fall in the price discovery of the equity market during the crisis revealed by the GG measure may be due to a substantial increase in hedging costs. Das and Hanouna (2009) (2006) and Acharya and Johnson (2007) . In particular, the former study focuses on the option market and documents how information on option trading volumes could help predict the future movements of equity prices, which supports a greater importance of options in the price formation process. The latter study highlights how insider trading could be the reason for the superiority of the CDS market over the equity market in terms of information revelation in the presence of negative credit news. However, although the above offers a plausible explanation for our long run price discovery results, it is unclear why they are contradicted by our price discovery findings in the short run where equities appear to be an important market alongside bonds during the sub-prime crisis.
If we focus on the long run relationships alone, the dominant role of both the CDS and equity markets during stable periods is in line with the results of Longstaff et al. (2003) . Forte and Peña (2009) (2006) and Blanco et al. (2005) , who observe that in the pre-crisis period the bond market is dominated by the CDS market in terms of price discovery.
Robustness tests
We analyse the US and European samples separately in order to investigate whether the price discovery process is robust across regions. Results from the firm-by-firm VECM are reported in Table   8 . By focusing on the pairwise analysis between option spreads and spreads derived from other markets, Panel A and C (on error correction coefficients) shows that, for both the US and European firms, results are very similar to those reported in Table 7 for the whole sample.
Some differences arise when we investigate the joint price discovery of the four markets with the GG measure (Panels B and D of Table 8 ). In particular, the main differences (as compared with the results in Table 7 ) relate to the sub-prime crisis. While the bond market is the most important one in the European sample, it is the CDS market that has a leading role in the US. However, in general, the price discovery of bonds increases during this sub-period, in line with what has been documented by Bai and Collin-Dufresne (2011) . We also note that during the pre-crisis period the option market seems to have a greater share of price discovery in Europe than in the US market. This is consistent
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15 with the leading role of options over equities in the short term found with the VAR analysis. Indeed, in Panel A of Table 5 , 10 of the 12 significant lagged changes of option spreads that are statistically significant in explaining changes in equity spreads, are due to European companies included in our analysis.
We do an additional robustness test by splitting the third sub-sample (between August 2009 and December 2012), which includes the sovereign debt crisis, into 2 sub-periods. Our purpose is to isolate the periods of low volatility for corporate spreads from the periods of high volatility corresponding to the heat of the sovereign debt crisis. For example, by observing Figure 1 more closely, we notice that from August 2010 until July 2011, the option market as represented by our sample of companies experienced a period of low volatility. From August 2011 till the end of our sample, there is a marked increase in volatility. We then re-run our analysis separately for these two sub-periods to see whether we can identify any differences in the price discovery behaviour of corporate credit spreads. We find that the results for the two sub-periods are qualitatively similar to those in Table 7 . Hence, we conclude that our results obtained during the longer sovereign crisis sample are valid for the entire duration of this sub-period.
Finally, we also re-compute equity implied spreads by using a 250-day historical volatility (in addition to the 40-day rolling window) as in Bharath and Shumway (2008) and Vassalou and Xing (2004) and we run again a VAR panel regression which includes all firms in our sample. The results do not differ qualitatively from those obtained in Table 4 .
Conclusions
This paper analyses the price discovery in credit spreads obtained or implied from the option, CDS, bond and equity markets. In our analysis we distinguish between short term and long term price discovery in the four markets. Short term price discovery measures indicate that the option market clearly influences credit risk pricing in the other markets in periods of highest uncertainty. In calmer conditions, even though options are still important, CDSs become the dominant market. When we look at the influence on credit spread changes of deviations from long run equilibrium relationships across markets, options are still important but no longer have a prominent role regardless of market conditions. Specifically, CDSs and equities lead the long run price discovery of credit spreads during the pre-crisis period and the sovereign crisis. However, the bond market becomes more influential in the sub-prime crisis and especially in our European sample, where it appears as the leading market. In our US sample, the CDS market leads the long run price discovery during the sub-prime crisis.
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Relative to previous research, by focusing simultaneously on all markets that have been identified as containing information on credit spreads, our analysis gives a fuller characterisation of the process that leads to the formation of the price for credit risk. Interestingly, our Granger causality tests show the presence of strong interlinkages across markets especially during the sub-prime crisis. Overall, it is difficult to draw overarching conclusions except that the price discovery of credit spreads changes quite substantially over time, across regions and across reference entities. This implies, for example, that hedging or trading strategies based on pre-determined interactions among the above markets may only have short lived validity. An interesting line of future research could focus on the occasional discrepancies that can be observed between short term and long term price discovery behaviour. A greater understanding of this puzzling evidence, especially in crisis periods, could help us devise more effective leading indicators of market turbulence.
Appendix
CreditGrades Model
According to the model, the recovery rate L follows a lognormal distribution with mean L and
where L is the mean global recovery rate,  is the percentage standard deviation of the default barrier, D is the company's debt-per-share and Z is a standard normal random variable which is known at the time of default only.
The debt-per-share D is based on financial data from consolidated statements and is defined as the ratio of liabilities to the number of outstanding shares issued by a specific firm, where liabilities are defined as follows: 
The company's asset value is assumed to follow a geometric Brownian motion:
where  is the asset drift,  is the asset volatility and W is a standard Brownian motion.
The survival probability of the company at any time t is given by the probability that the asset value (A10) does not hit the barrier defined in (A3) before time t:
The asset value and asset volatility can be proxied by market observables parameters. In fact, it can be assumed that at time t = 0:
such that (A12) and (A13) can be written as:
where S  is the stock volatility. Finally, the survival probability is converted to a credit spread as follows:
and, following Rubinstein and Reiner (1991) 
In particular, an estimate of the asset volatility can be obtained by using the following relationship: Total 108 A C C E P T E D M A N U S C R I P T
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28 Table 7 . Firm-specific price discovery analysis: VECM results
This table reports the median coefficients of the error correction terms (λ ji ) estimated from the individual VECMs of daily changes in credit default swap spreads (CDS), bond credit spreads (BCS), equity implied spreads (EIS) and option implied spreads (OIS) over the three sub-periods (Panel A), estimated with equations (5) -(11). In parentheses we indicate the absolute frequency of firms for which the error correction terms are significantly different from zero at the 1% level and with correct sign. Panel B shows the mean value of the Gonzalo-Granger (GG) measure estimated as in Gonzalo and Granger (1995) across the 20 firms which are cointegrated over the whole sample period. 
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29 Table 8 . Firm-specific price discovery analysis: VECM results by region
This table reports the median coefficients of the error correction terms (λ ji ) estimated from the individual VECMs of daily changes in credit default swap spreads (CDS), bond credit spreads (BCS), equity implied spreads (EIS) and option implied spreads (OIS) over the three sub-periods (Panel A for the US sample and Panel C for the European sample), estimated with equations (5) - (11). In parentheses we indicate the absolute frequency of firms for which the error correction terms are significantly different from zero at the 1% level and with correct sign. Panel B, for the US sample, and Panel D, for the European sample, show the mean value of the Gonzalo-Granger (GG) measure estimated as in Gonzalo and Granger (1995) across the firms which are cointegrated over the whole sample period for each region. Results are shown separately for the US and European samples. A C C E P T E D M A N U S C R I P T
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Price discovery of credit spreads in tranquil and crisis periods Highlights:  We study price discovery in credit spreads derived from four markets  We perform both a panel and a firm by firm analysis  Option implied spreads lead price discovery in crisis periods in the short term  The option market no longer has a prominent role in long term price discovery.
